The Milan hypertensive strain of rats (MHS) develops a genetic form of renal hypertension that, when compared to its normotensive control (MNS), shows renal dysfunction similar to that of a subset of human patients with primary hypertension. MHS and MNS were shown to be homozygous by multilocus miisatellite analysis and monolocus microsatellite markers. We show here that one point mutation in each of two genes coding for the membrane skeleton protein adducin is associated with blood pressure in the Milan strain of rats. Adducin is a heterodimer formed by a and 13 subunits that promotes the assembly of actin with spectrin. MHS and MNS differ, respectively, by the amino acids Y and F at position 316 of the a subunit. In the ,&adducin locus, MRS is always homozygous for R at position 529 while in MNS either R or Q occurs in that position. The R/Q heterozygotes showed lower blood pressure than any of the homozygotes. In vitro phosphorylation studies suggest that both of these amino acid substitutions occur within protein kinase recognition sites. Analysis of an F2 generation demonstrated that Y alleles segregated with a significant increment in blood pressure. This effect is modulated by the presence of the R allele of the 1 subunit. Taken together, these dings strongly support a role for adducin polymorphisms in causing variation of blood pressure in the Milan strain of rats.
MNS differ, respectively, by the amino acids Y and F at position 316 of the a subunit. In the ,&adducin locus, MRS is always homozygous for R at position 529 while in MNS either R or Q occurs in that position. The R/Q heterozygotes showed lower blood pressure than any of the homozygotes. In vitro phosphorylation studies suggest that both of these amino acid substitutions occur within protein kinase recognition sites. Analysis of an F2 generation demonstrated that Y alleles segregated with a significant increment in blood pressure. This effect is modulated by the presence of the R allele of the 1 subunit. Taken together, these dings strongly support a role for adducin polymorphisms in causing variation of blood pressure in the Milan strain of rats.
Primary or essential hypertension is a heterogeneous disease affecting 15-20%o ofthe adult population (1). Different genetic mechanisms causing renal, endocrine, humoral, or nervous dysfunction have been suggested (2) . Different rat models of genetic hypertension have been developed, and for three of them a genetic association between a DNA polymorphism and hypertension has been suggested (3) (4) (5) (6) (7) (8) . The Milan hypertensive strain of rats (MHS) was developed by selection for hereditary hypertension in divergence to its normotensive control (MNS), which was selected for low blood pressure.
At present, 85 generations of inbreeding have been reached (9, 10) . Compared to MNS, MHS shows a greater pressor effect of the kidney after transplantation (9, 11) , a faster glomerular filtration rate and tubular reabsorption (9, 12) , a lower kidney weight (9) and plasma renin activity (13) , and a lower volume of erythrocytes (14) and tubular cells (15) , both of which show faster Na transport across their plasma membrane (14, 16, 17) . Erythrocyte functional differences are genetically determined within the stem cells and are genetically associated with hypertension in F2 hybrids (18) . Thus, a generalized and genetically determined cellular defect involving faster Na transport across the renal cell membranes (19) was considered a probable cause of hypertension in MHS. Some of the erythrocyte and kidney dysfunctions seen in these rats have also been found in a subset (=25%) of human patients with primary hypertension (10, (20) (21) (22) . In the rat model, the difference in membrane ion transport disappeared after elimination of the membrane skeleton, which indicated the involvement of some ofits components (23, 24) . Cross-immunizations between MHS and MNS raised an antibody against a membrane skeleton protein subsequently identified as adducin (25) . As this was the only cytoskeletal difference found that could be associated with membrane ion transport differences, adducin was considered a candidate for genetic studies in hypertension.
Adducin is an af3 heterodimer with subunits of Mr 103,000 (a) and 97,000 (/3). It promotes the organization of a spectrinactin lattice, a function regulated by phosphorylation and Ca-calmodulin interactions (26) (27) (28) . Furthermore, a-and (3-adducin have similarities with the MARCKS group of proteins, which are involved in cellular signal transduction mechanisms (29) . We characterized the rat full-length (-and a-adducin cDNAs (ref. 30 ; G.T., G.C., G.B., and F.E.B., unpublished data) and localized the genes on chromosomes 4 and 14, respectively (G.C., G.T., G.B. and F.E.B., unpublished data). Corresponding human a-and (3-adducin cDNAs were isolated from an erythroblastoid cell line (31) and, recently, by positional cloning from yeast artificial chromosome clones (32) .
The aims of this study were to investigate the eventual structural differences of adducin subunits in MHS and MNS rats and their functional significance regarding blood pressure variation.
MATERIALS AND METHODS
Animal Procurement and Housing. All MNS and MHS rats were bred in our own facilities and maintained in conditions described elsewhere (9) GeneAmp PCR system 9600 (Perkin-Elmer). The primers used to amplify a specific fragment of 99 bp of the a-adducin gene were aF/Y1 (5'-GTTCTCATTCTCCGGAATCAC-3') and aF/Y2 (5'-CTGGATCTCACATGCAACCAC-3'). The nucleotide sequence of rat a-adducin flanking the point mutation is 5'-GTG GAG GAG GCC TTC T(T/A)T TAT ATC CAC AAC CTT-3' (from nucleotide 1000 to nucleotide 1032 of the full-length cDNA). The amplified DNAs were applied to duplicate nylon filter membranes (GeneScreen) and hybridized with allele-specific oligonucleotide probes. The 32P-end-labeled oligonucleotides used as probes were aA (5'-GATATAATAGAAGGC-3') and aT (5'-GATATAAAA-GAAGGC-3'). Prehybridization and hybridization were performed in Sx standard saline citrate (SSC)/lox Denhardt's solution/0.1% SDS/100ug of salmon sperm DNA per ml for 2 h at 450C. The filters were washed twice in Sx SSC/0.1% SDS for 10 min at 450C.
To detect the allelic variation in the (-adducin sequence, amplifications were carried out under the following conditions: 32 cycles of 50 sec at 940C, 50 sec at 550C, and 50 sec at 720C, preceded by an initial denaturation at 940C for 2 min. The primers used to amplify a specific fiagment of 290 bp of the 3-adducin gene were (3Q/R1 (5'-AGGACCTTGTCA-GATCCATC-3') and (Q/R2 (5'-GAGCCCAGCACCTAAG-GTCA-3'). The nucleotide sequence ofrat (-adducin flanking the point mutation is 5'-ATC GCC GAG AAG AGC Q(A/ G)G AGT CCG TCT ACA GAG-3' (from nucleotide 1756 to nucleotide 1788 of the full-length cDNA). The adenine to guanine transition results in a restriction fragment length polymorphism due to an additional Hpa II site in the guanine substitution. After the PCR, the samples were digested with Hpa II, 32P-end-labeled, and submitted to electrophoresis in 12% nondenaturing acrylamide gel. The Hpa II polymorphism was visualized as a restriction fragment of53 bp for the adenine and 46 bp for the guanine substitution.
Statiial Analysis. Results are expressed as means + SEM. Statistical analyses were performed with SPSS (version 4) statistical software (SPSS, Chicago). Data were analyzed by one-way and two-way ANOVAs as appropriate. To take into account the possible effects of extreme observations, homogeneity of variances were always tested by Cochran's C and Bartlett Box F (data not shown) after having performed one-way ANOVA. The Kruskal-Wallis nonparametric test was also used. Finally, after one-way ANOVA, a posteriori multiple comparisons were performed using both Fisher's least significant difference test and Student'sNewman-Keuls test. Both tests gave essentially the same results for aP value of0.05. Frequency distributions ofalleles in the F2 population were tested with x2 in comparison to the expected Mendelian transmission.
RESULTS
We have previously demonstrated a polymorphism in a (-adducin 63 cDNA isolated from MHS and MNS strains (30) Proc. NaM Acad Sci. USA 91 (1994) (Fig. 1A) . Sequence analysis of the a-adducin chain has shown an adenine to thymine transversion, resulting in a tyrosine (MHS) -+ phenylalanine (MNS) substitution at position 316 (Y316F) (Fig.   1B ).
The high state of inbreeding in both strains was confirmed by DNA fingerprinting analysis performed on 20 animals of each strain using the multilocus minisatellite probes 33.6 and 33.15 (38) . No differences in band patterns were found within either strain. Furthermore, general homozygosity in MNS and MHS was tested by using 65 monolocus microsatellite markers, revealing only one segregating locus in MNS and none in MHS.
MHS and MNS Genotyping. When a large group of animals from each strain was analyzed for the alleles of the a-and ,-adducin genes, all MHS rats were found to be homozygous aYI3R/aY(3R, while MNS rats were homozygous for a-adducin (aF/aF) but were segregating at the (3-adducin locus for 3Q/pQ, Q3Q/I3R, (R/13R. The persistent heterozygosis for the -3-adducin gene in MNS, despite the high inbreeding, could be explained by selection for low blood pressure, optimization of biological fitness, or a recent mutation. The first possibility was tested by measuring weekly the systolic blood pressure of 38 rats of the MNS foundation colony, using the same method as for selection. When the rats were subdivided according to their ,3-adducin genotypes, the MNS Q/13R were found to have a systolic blood pressure (128.7 ± 1.6 mmHg; n = 17) lower than the other two genotypes (pR/pR, 134.8 ± 1.8 mmHg; n = 12; 3Q/1PQ, 133.2 ± 1.4 mmHg; n = 9; P = 0.003). Moreover, MNS was separated into two coisogenic substrains with pR/pR and pQ/(3Q genotypes and F1 hybrids were obtained.
Again, the blood pressure of the heterozygotes (F1 hybrids)
was lower than that of the two homozygous groups (3Q/pQ, 134.5 + 0.5 mmHg; n = 67; pQ/pR, 131.9 ± 0.5 mmHg; n = 59; pR/,3R, 134.5 ± 0.8 mmHg; n = 32). A hypothetical influence of biological fitness was tested by measuring reproduction, body growth, and sex ratio in the three populations of rats (pQ/(3Q, (Q/13R, pR/1pR), but no differences were found. The first immunological heterogeneity of adducin in MNS was detected 5 years ago (25) and has persisted for 15 generations of sister-brother mating.
Differential Phosphorylation of aF-aY and 1Q-1R Peptides. The region comprising residue 529 of p-adducin was compared to a data base of functional domains (39) and homologies were found to various domains involved in phosphorylation. The best similarity was found to a basic nuclear protein phosphorylation site described in the winter flounder (40) . Furthermore, the sequence around residue 316 of a-adducin was also a possible tyrosine kinase substrate site. The changes in amino acids determined by the variations in a-and 3-adducin suggest the possibility of corresponding changes in the extent of phosphorylation in that region of the molecule.
The substitution of R for Q in ,B-adducin is likely to have an effect on the phosphorylation of S residues in the vicinity, and the change of Y to F deletes a putative phosphorylation site in a-adducin. Each of these possibilities was examined by studying the phosphorylation of synthetic peptides corresponding to the relevant region of both adducin subunits (Fig.   2) . The ,B-adducin peptides BR and 1Q were not phosphorylated by protein kinase C in conditions leading to strong phosphorylation of a synthetic substrate (peptide S). On the contrary, peptide ,BR was phosphorylated much more than peptide BQ by the catalytic subunit of the cAMP-dependent protein kinase. Similarly, peptide aY but not peptide aF was phosphorylated by tyrosine kinase (32p; incorporation measured by scraping the cellulose and counting yielded 52,540 cpm in pR and 175 cpm in pQ, 45 ,050 cpm in aY and 512 cpm in aF). This supports the hypothesis that the presence of the (Q and aF alleles results in a decreased phosphorylation rats was measured by a catheter introduced in the carotid artery so that systolic and diastolic pressure could be recorded. Also, the blood pressure of 10 rats from each parental strain was measured as in F2 rats on a blind basis. The corresponding average values of systolic and diastolic blood pressures were as follows: MHS, 167.7 ± 2.2 and 116.2 ± 1.7 mmHg; MNS, 139.6 ± 2.3 and 98.7 ± 2.6 mmHg. Fig. 3 shows the average values of the diastolic and systolic blood pressure in the adducin genotype cohorts. The average heart rate was identical in all groups (data not shown). Taken separately on the undefined segregating F2 background, ay/ay alleles significantly contributed to an increase in systolic blood pressure over aF/aF alleles by -8 mmHgi.e., 28% of the difference between the parental strains.
No difference in blood pressure was seen when the three (3-adducin genotypes of all F2 cohorts were compared. However, female pQ/,3R heterozygotes had a lower blood pressure than the two homozygous groups.
The blood pressure differences between aF(3Q/aFpQ and aYR/aY 3R were small (156.4 + 2.1 and 161.3 + 2.6 mmHg, respectively) and of borderline statistical significance (P < 0.1). MHS and MNS are the result of selection for high and low blood pressure and several genetic differences are likely to contribute to the phenotype. The adducin polymorphisms are only two of the differences and their influence on blood pressure values may be attenuated on the genetic background of the F2 population. Fig. 3 a-and (-adducin subunits. The contribution of these genes to determining blood pressure levels is likely to depend on the assembly of the adducin heterodimer within the cell. It is highly improbable that the pressor effect is due to other genes closely linked to those of the adducin subunits because the adducin genes lie on different chromosomes and also because of the high degree of homozygosity of the strains used. Adducin presents structural and functional similarities to the MARCKS proteins, which play an important role in the coupling of extracellular signals to the interactions between actin cytoskeleton and the cell membrane through phosphorylation events (29) . In fact, a-and f-adducin have been shown to be extensively phosphorylated in vivo (42) , although the precise residues involved are not known. The in vitro phosphorylation of the adducin synthetic peptides 311-322 (ayand a-) and 523-534 (.3R and (Q) has shown that there is the distinct possibility that the pR + 13Q and ay -* aF variations will change the phosphorylation status of adducin and hence influence its cytoskeletal interactions and functions (27) . Amino acid substitutions within the two adducin subunits may affect their assembly into stable heterodimers or the dimer-tetramer equilibrium and, in consequence, actin-spectrin (or fodrin) interactions (31 (14, 23, 24) . These cell membrane alterations may represent the link between adducin point mutations and the cellular dysfunction responsible for hypertension in MHS. The hypothesis that membrane skeleton proteins regulate cell volume and ion transport is also supported by several previous findings (43) (44) (45) (46) .
As pointed out in the Introduction, a long series offindings supported the pressor role of the faster Na transport across the cell membrane and the role of membrane skeleton in determining the difference between MHS and MNS. Adducin was chosen for genetic studies because it was detected as the only membrane skeleton protein eliciting an immunological response in MHS-MNS cross-immunization experiments (25) . However, this finding alone does not prove an involvement of adducin in membrane Na transport and, at present, we do not have data in vivo regarding the relationship between structure and function of adducin and the mechanism of its pressor effect.
Adducin polymorphisms account for only a portion of the blood pressure differences between MHS and MNS. Therefore, other genes may be involved, as suggested by the genetic analysis we carried out on classical genetic crosses (33) . It could be hypothesized that a mutation that produced an increase in blood pressure happened in an aY/pR background. The aF/PQ alleles would have been favored during the selection for low blood pressure in the MNS, as they compensate for the Qriginal mutation. This work demonstrates an interaction between two independently segregating genes determining the expression of a single protein that is involved in inheritance ofprimary hypertension. Considering the many similarities in kidney and cellular dysfunctions between MHS and subsets of patients with primary hypertension (10, (20) (21) (22) and the very high degree of sequence homology between rat and human adducin (data not shown), it is possible that these molecular mechanisms are also relevant to humans.
